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SUMMARY 
Aerodynamic cha rac t e r i s t i c s  of a large-scale  model of a t i l t -wing  V/STOL 
t ranspor t  a i r c r a f t  are presented. The inves t iga t ion  w a s  conducted i n  Ames 
40- by 80-foot wind tunnel  a t  various heights above a f ixed  ground plane.  
Free-stream Reynolds number var ied from 0 t o  2.9 mill ion.  
t ions  included wing tilt angles from Oo t o  goo, t ra i l ing-edge f l a p  def lec t ions  
from 0' t o  600, and par t ia l - span  wing leading-edge slats.  
Model configura- 
Results show ground proximity decreased lift up t o  20 percent (depending 
on wing tilt angle) ,  decreased drag, and increased nose-down pi tching moment. 
INTRODUCTION 
Several methods of achieving V/STOL capabi l i ty  a r e  cur ren t ly  being 
invest igated through wind-tunnel and f l i g h t  t e s t s .  One of these  is t h e  tilt- 
wing def lected s l ipstream concept applied t o  a large-scale ,  f o u r  propel le r ,  
t ranspor t  model. 
The r e s u l t s  of previous wind-tunnel tests of t i l t -wing  models ( refs .  1 
It w a s  indicated (refs. 1 t o  3)  t h a t  t o  5 )  a r e  of i n t e r e s t  f o r  background. 
a i r f low separat ion on t i l t -wing  a i r c r a f t  would l i m i t  descent performance and 
cause buffet ing i n  t h e  low-speed t r a n s i t i o n a l  f l i g h t  regime. Previous wind- 
tunnel invest igat ions a l so  indicated adverse ground e f f ec t s  ( ref .  3 ) .  The 
wind-tunnel inves t iga t ion  reported herein w a s  made t o  determine the  e f f e c t  of 
ground proximity on t h e  aerodynamic cha rac t e r i s t i c s  of a large-scale ,  
p rope l le r  driven, t i l t -w ing  t ranspor t  a i r c r a f t .  
NOTATION 
A t o t a l  d i sk  area of a l l  four  propel le rs ,  4 x 5 ,  sq f t  
b wing span, f t  























mean aerodynamic chord, - l b ' 2 c 2 d y ,  f t  
measured drag drag coe f f i c i en t  including t h r u s t ,  
qs 
measured l i f t  ~~ 
l i f t  coe f f i c i en t  including t h r u s t ,  @ 
slope of lift curve, pe r  degree 
l i f t  
l i f t  coe f f i c i en t  based on s l ipstream, -
qSS 
pi tch ing  moment 
(Moment center  var ied with wing tilt angle 
qsc pitching-moment coe f f i c i en t  , 
as shown i n  f i g u r e  10.)  




pressure coe f f i c i en t  based on free-stream dynamic pressure,  
pressure coe f f i c i en t  based on s l ipstream dynamic pressure,  pres  sure  
qSS 
average s l ipstream t h r u s t  coe f f i c i en t  based on s l ipstream and t o t a l  
t h r u s t  t h r u s t  of  a l l  propel le rs ,  
qs(NflD2/4) 
p rope l le r  diameter, f t  
acce lera t ion  of grav i ty ,  32.2 f t / s ec2  
height of wing pivot  above ground plane,  f t  
height of fuselage bottom above ground plane,  i n .  
angle of u n i t  horizontal  t a i l  r e l a t i v e  t o  fuselage reference l i n e ,  
pos i t i ve  leading edge up, deg 
propel le r  advance r a t i o ,  - v 
nD 
fuselage length,  i n .  
p rope l le r  ro t a t iona l  ve loc i ty ,  r p s  
number of p rope l le rs  
R 
















pressure on fuselage bottom, l b / f t 2  
free-stream dynamic pressure,  I. p?, lb/sq f t  2 
lb/sq f t  T s l ipstream dynamic pressure,  q + 
N( flD2/4) ’ 
P E  Reynolds number, -P 
revolutions per  minute 
propel le r  blade radius ,  f t  
w i n g  area, sq f t  
t o t a l  t h r u s t  of a l l  four  propel le rs ,  l b  
m I t h r u s t  coe f f i c i en t ,  - 
g s  
free-stream tunnel  ve loc i ty ,  f t / s e c  or as noted 
d is tance  along bottom of fuselage from cen te r l ine  of inboard propel le rs  
when t i l t e d  up t o  90’ (see f i g .  3), f t  
gross weight, l b  
water l i n e  
angle of a t t ack  of fuselage reference l i n e ,  deg 
a i l e ron  def lec t ion  r e l a t i v e  to l o c a l  f l a p ,  deg 
f l a p  def lec t ion  r e l a t i v e  t o  l o c a l  wing chord, deg 
wing tilt angle of root  chord r e l a t i v e  t o  fuselage reference l i n e ,  deg 
propel le r  blade angle a t  3/4r, deg 
m a s s  dens i ty  of air ,  slugs/cu f t  
coef f ic ien t  of v i s  c os  i t y  , slugs /ft-s ec 
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Relationships between coef f ic ien ts  based on free-stream and propel le r  s l i p -  
stream dynamic pressure are as follows : 
MODEL AND APPAEATLJS 
The model i n  f i g u r e  1 w a s  used f o r  these  tests (and a l so  f o r  t h e  tests 
reported i n  ref. 1). 
Figure 2 is  a three-view drawing of t h e  model and f igu re  3 shows t h e  
loca t ion  of surface pressure o r i f i c e s  on t h e  bottom of t h e  fuselage.  
Per t inent  model geometry i s  l i s t e d  i n  t ab le s  I and 11. 
A t y p i c a l  s ec t ion  of t he  double-slotted t ra i l ing-edge f l a p  is  shown i n  
f igu re  4, and t h e  coordinates are presented i n  t a b l e  11. 
d e t a i l s  of t h e  par t ia l -span tapered slat  outboard of t h e  inboard nacel le ,  and 
of a 0 . 1 0 ~  s la t  outboard of t h e  outboard nace l le .  The basic  shor t  f o r e  and 
aft  fuselage-to-wing center  sec t ion  ramps described i n  reference 1 w e r e  used 
and are shown i n  f i g u r e  6. 
ho r i zon ta l - t a i l  incidence of 20'. 
Figure 5 shows 
T e s t s  with t h e  t a i l  on w e r e  conducted with a 
The geometric cha rac t e r i s t i c s  of t he  three-bladed propel lers  a r e  shown i n  
f i g u r e  7; t h e  outboard blade of a l l  four propel le rs  ro ta ted  upward ( see  
f i g .  2 ) .  
s t a t i o n .  
A l l  p rope l le r  blade angles were s e t  a t  10' at t h e  3/4 radius 
TESTS AND CORRECTIONS 
Tests w e r e  conducted a t  free-stream v e l o c i t i e s  from 0 t o  54 knots 
(q  = 0 t o  10, Reynolds number 0 t o  2.9 mill ion based on t h e  wing mean aero- 
dynamic chord of 4.99 ft) . 
dynamic pressure,  p rope l le r  speed, and propel le r  blade angle. The propel le r  
t h rus t  cha rac t e r i s t i c s  were determined by t h e  propel le r  on and o f f  ca l ib ra t ion  
technique. 
f o r  t h i s  model s o  t h a t  coef f ic ien ts  based on free-stream dynamic and 'T,s 
pressure may be r ead i ly  converted t o  coef f ic ien ts  based on propel le r  
s l ipstream dynamic pressure.  
Angle of a t t ack  w a s  var ied a t  a f ixed  free-stream 
Figure 8 shows t h e  re la t ionship  of t h e  t h r u s t  coef f ic ien ts  Tcl  
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The model w a s  mounted above a s t a t iona ry  ground plane.  The loca t ion  of 
t h e  ground plane i n  r e l a t i o n  t o  t h e  model is shown i n  f i g u r e  9.  L i f t ,  drag, 
and pi tching moment w e r e  corrected f o r  t h e  tare due t o  t h e  exposed var iab le-  
height  s t r u t s  bu t  no correct ions w e r e  made f o r  t h e  tunnel  w a l l .  
Moments were ca lcu la ted  about t h e  reference points  shown i n  f i g u r e  10. 
The moment center  w a s  var ied s l i g h t l y  with wing tilt angle t o  simulate t h e  
wing mass e f f ec t  on the  loca t ion  of t h e  center  of grav i ty  of a t y p i c a l  
a i rp lane .  
FESULTS 
The aerodynamic cha rac t e r i s t i c s  obtained from t h i s  inves t iga t ion  are 
summarized i n  f igu res  11 through 14 and are discussed i n  more d e t a i l  i n  t h e  
next sect ion.  
bottom of the  fuse lage)  are presented i n  f igu res  15 through 27 without 
discussion.  Tables 111, IV, and V are indices t o  t he  figures. 
Basic da ta  ( force ,  moment, and pressure d i s t r i b u t i o n  on t h e  
Fixed ground plane da ta  were compared with moving b e l t  da t a  obtained from 
references 6 and 7 f o r  a s i m i l a r  small-scale model with 
The comparison indicated t h a t  t h e  moving b e l t  w a s  not required up t o  t h e  
following conditions : 
S, = 40° and Sf = 60'. 
2 h/b = 0.67 t o  % = 7.4 
0.52 5.6 
0.36 4.3 
Beyond these  limits t h e  f ixed  ground plane r e s u l t s  were pessimist ic  by a 
m a x i m u m  value of 10 percent f o r  l i f t  coe f f i c i en t s  as high as 8.11 and f o r  
2 h/b as l o w  as 0.1. 
l a r l y  pessimist ic  f o r  higher l i f t  coef f ic ien ts  than those l i s t e d  above. 
The f ixed  ground plane data of t h i s  report  may be simi- 
DISCUSS ION 
Ground Effects  on Aerodynamic Character is t ics  
Typical e f f e c t s  of ground proximity on t h e  aerodynamic cha rac t e r i s t i c s  
These results show 
of t h e  model are presented i n  f i g u r e  11 which shows t h e  va r i a t ion  of 
and C, 
t h a t  f o r  
t i o n  i n  CL and CD and by a nose-down change i n  C,. Ground proximity 
general ly  caused t h e  magnitude of these  changes t o  increase with increasing 
CL, CD, 
S, = 20° or more, a reduction i n  height w a s  accompanied by a reduc- 
with t h e  dimensionless height parameter, 2 h/b. 
Tc ' ,  %, o r  Sf. 
The adverse ground e f f e c t s  described above were p a r t i a l l y  due t o  a l o s s  
i n  f l a p  effect iveness  as height was  reduced as shown i n  f i g u r e  12 which 
presents  t h e  va r i a t ion  of % and CD with f5f f o r  various values of 2 h/b. 
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For free-air conditions ( 2  h/b = 0.67) t h e  results show t h e  expected increase 
i n  CL and CD with increasing Ef .  However, a t  t h e  lowest height 
( 2  h/b = 0.36) an increase i n  Ef caused a reduction i n  %. T u f t  s tud ies  
showed t h a t ,  f o r  wing tilt angles of 20' or more, ground proximity increased 
t h e  separated area of t h e  f l a p s .  
An unusual occurrence during these  tests w a s  a negative l i f t - cu rve  s lope 
T,' of 12.5 and 2 h/b of 0.52 a l i f t -  
i n  a high performance STOL configuration (S, = 60°, Sf = 40°, par t ia l -span 
leading-edge slats, and A t  
curve s lope of -0.1 pe r  degree w a s  obtained as shown i n  f i g u r e  23(b) .  The 
a i r f l o w  w a s  at tached over t h e  surface of t h e  wing (except over t h e  fuselage 
center  s ec t ion ) ,  over a l l  vane or fo re f l ap  segments, and over t h e  inboard a f t  
f l a p  segment, while t h e  af t  f l a p  segments outboard of t he  inboard nace l le  were 
separated.  
w a s  obtained with a propel le r  blade angle of 6' as w e l l  as 10'. The negative 
l i f t - cu rve  s lope and accompanying pi tching moment can i n  p a r t  be explained by 
t h e  changes i n  t h e  pressure d i s t r i b u t i o n  on t h e  bottom of t h e  fuselage f o r  
various fuselage angles of a t t ack  a t  ground heights of 0.67 and 0.52, 
( f i g s .  27( a )  and ( b ) ,  respec t ive ly) .  
pressure d i s t r i b u t i o n  with angle of a t tack ;  whereas 27( b )  shows t h a t  pressure 
became increasingly negative on t h e  lower surface of t he  fuselage,  indicat ing 
a reduction i n  fuselage lift. 
p = 10'). 
The negative l i f t - cu rve  slope occurred only a t  2 h/b = 0.52, and 
Figure 27( a )  shows l i t t l e  change i n  
Ground e f f e c t  on yaw cont ro l  i n  hover is presented i n  f igu re  13. For 
520' a i l e ron  def lec t ion  (6, = 20' l e f t  wing and 6, = -20' r i gh t  wing) yawing 
moment decreases with decreasing ground height .  
Ground Effects  on Typical Airplane Performance 
The consequences of t h e  reduced CL and CD due t o  ground e f f e c t  on the  
performance of a t y p i c a l  a i rp lane  having a wing loading of 70 psf are shown 
i n  f igures  11 and 14. 
and f ixed t h r u s t  coe f f i c i en t  (corresponding t o  f ixed  power), t h e  a i r c r a f t  
accelerates  downward and forward a t  0 . 1 t o  0.3  g as the  ground i s  approached. 
To a r r e s t  t h i s  acce lera t ion  t h e  wing incidence and t h r u s t  would have t o  be 
inc reas ed . 
Figure 11 sh0wed.tha-t f o r  a f i n i t e  f ixed  wing incidence 
Another consequence of ground e f f e c t  i s  t h e  change i n  l i f t  and t h r u s t  
coef f ic ien ts  required f o r  unaccelerated f l i g h t  ( f i g .  14) .  
c i en t  required f o r  a given S, ( f i g .  14(a) )  f o r  unaccelerated f l i g h t  i n  ground 
e f f e c t  i s  considerably less than t h a t  required out of ground e f f e c t ,  s ince  the  
drag coef f ic ien t  is less i n  ground e f f e c t .  The l i f t  coef f ic ien t  i n  ground 
e f f ec t  i s  reduced both by the  reduction i n  and by t h e  unfavorable ground 
e f f e c t  on l i f t  ( f i g .  1 4 ( b ) )  f o r  a given t h r u s t . c o e f f i c i e n t .  A s  shown i n  f i g -  
ures 14(a) and ( b ) ,  these  e f f e c t s  combined to produce a considerable increase 
i n  speed required f o r  f ixed  zw steady f l i g h t  i n  ground e f f e c t .  For example, 
with a wing tilt angle of 50' t h e  minimum speed i n  ground e f f e c t  i s  about 
54 knots compared t o  a minimum speed of about 35 knots out of ground e f f e c t .  





Wind-tunnel tests of a large-scale t i l t -wing model to determine ground 
e f f ec t  i n  the low t r a n s i t i o n  speed range showed t h a t  ground proximity s ign i f -  
i can t ly  reduced lift and drag, and increased nose-down pitching moment. 
ron effectiveness for yaw cont ro l  i n  hover diminished with decreasing ground 
height.  
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TABLE I.- GEOMETRIC DI"S1ONS OF TRE MODEL 
Span, f t  . . . . . . . . . . . .  
c , f t . .  . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . . .  
- 
~ 





Dihedral from reference 
plane, deg . . . . . . . . . .  -2.12 
A i r f o i l  sec t ion  . . . . . . . . .  
Sweep of leading edge, deg . . .  
Sweep of c/4, deg . . . . . . . .  
Sweep of t r a i l i n g  edge, deg . . .  





I Tip chord, f t  . . . . . . . . . .  1 3.44 










0015 roo t  






_ -  -- -. 
Vert ica l  
surface 
46.7 
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TABLE 11.- STREAMWISE COORDINATES OF WING, FLAP, AND VANE IN PERCENT OF WING CHORD 
Wing I. Flap Vane 










































































































-1.17 - .96 
- 077 - .60 


























.96 - .96 
1.32 -1.20 
1 *59 -1.36 
1.78 -1 .45 
2.16 -1 53 














-1.27 - .98 
-.67 








L. E. radius = 0.21 percent c 
I 23017 a i r f o i l  with modified leading edge. 
TABLE 111.- SUMMARY PLOTS 
Figure 
Effect  of ground height  on longi tudina l  c h a r a c t e r i s t i c s  
S,, Ef, it, P ,  
deg deg deg deg ----
0 o 60 20 10, slats o f f ,  a = o 
20 60 20 10, p a r t i a l  span slats, a = 0' 
40 60 20 10, p a r t i a l  span slats, a = 0 
60 40 20 10, p a r t i a l  span slats, a = 0 
0 
0 
Comparison of f l a p  effect iveness  a t  t h r e e  ground heights 
Ground e f f e c t  on yaw cont ro l  i n  hover 
S, = goo, 6, = 420°, and propel le r  r p m  1321 13 
For unaccelerated f l i g h t  ( C D  = 0)  a t  various wing t i l t s  with 
sf = 60' and f o r  
Thrust 
W/S = 70 
required i n  and out of ground e f f e c t  14(a) 
(b) L i f t  required i n  and out  of ground e f f e c t  
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TABLE IV.- LONGITUDINAL FORCE DATA 
'1 . 
'If a i l e ron  s e t t i n g  and slats 
L.  E .  
device 






n-e omitted from 
Figure 
configuration information as shown on each p l o t ,  
t h e  a i le rons  a r e  a t  0' and t h e  wing leading edge 
i s  clean.  
2 T a i l  r o t o r  on but not  used. 
Par t ia l -span tapered slat  outboard of inboard 3 
nace l le  and 0 . 1 0 ~  slat outboard of outboard 
nace l le .  
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TABLE V.- PRESSURF: DATA 
Figure 
Pressure d i s t r ibu t ion  on the  bottom of the  fuselage a t  
various ground heights,  wing tilt angles, and Tc' at p = 10 
and a = Q 
0 
0 
s, = 20° , Sf = 60°, it = 20°, 2h/b = 0.67 
= 0.52 
= 0.36 





Pressure d i s t r ibu t ion  on the  lower surface of the  fuselage f o r  
6, = 60° , Sf = 40 
angles of a t t ack  
Tc' = 12.0, various ground heights and fuselage 
Pressure d i s t r ibu t ion  on bottom of the  fuselage f o r  various 
ground heights and propel ler  r p m  at  
and p = loo 
0 S, = goo, 6, = Oo, a = 0 , 
Propeller r p m  2h/b 
1150 o .67 







Figure 1.- Model mounted above ground plane i n  the Ames 40- by 80-~oot  Wind Tunnel. 
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Figure 3.- Location of pressure o r i f i c e s  on fuselage bottom (dimensions i n  
inches ) . 
63-318 airfoil 
x w =  0 / 7 7 . 3  90. I 
6.1 
- -4  x = 73 
23017 airfoil, modified leading edge 
Vane hinge line 
Y = - 22.3 -$- 
All  dimensions in percent wing 
chord unless otherwise noted 
F lap  hinge l i n e 4  :3.0 \ \\ 
x = 69.3 \ \\ 
Figure 4.-  Details of the  model f l a p  system. 
-+ -  
i 
Typical section wing t ip slat 
Typical sections tapered slat 
Figure 5.- Detai ls  of wing leading-edge slats. 
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Figure 8.- Propeller thrust characteristics. 
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(a> S, = 0' and 20' 
Figure 10.- Variation of pitching-moment center with wing tilt angle. 
















Moment center 17.2 --% 
(b) S, = 40' and 60' 
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Figure 10. - Concluded. 
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Figure 11.- The ef fec t  of ground height on longitudinal characterist ics.  
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Figure 11.- Continued. 
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(d) % = 60°, 6f = bo, it = 20°, p = 10 0 , partial span slats, a = 0'. 
Figure 11.- Concluded. 
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Figwe 12.- Comparison of f l a p  effeckiveness at various ground heights; S, = 40 , it = 20 , Tc' = 7.4, 
a = o , p = loo,  and p a r t i a l  span slats. 
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Figure 13. - Ground e f f e c t  on yaw cont ro l  i n  hover; S, = 90°, 6,  = +20 0 , 
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(b) L i f t  required i n  and out of ground e f f e c t .  
Figure 14.- For unaccelerated f l i g h t  (CD = 0 )  a t  various wing t i l t s  with 
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Figure 1.5.- Longitudinal characteristics of the model with S, = Oo, sf. = Oo, tail off, slats off, 
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Figure 15.- Concluded. 
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Figure 16.- Longitudinal characteristics of the model with S, = 0'; Sf = bo0, it = 20°, slats off, 
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Figure 16. - Continued. 
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Figure 16. - Concluded. 
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Figure 17.- Longitudinal characteristics of the  model with 8w = 0'; 8f = 60 0 , tail off, slats off, @ = l o .  0 
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Figure 17.- Concluded. 
( a )  2h/b = 0.67 
Figure 18.- Longitudinal character is t ics  of the model with 6, = 0'; S, = 60') it = 20°, 
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Figure 18.- Continued. 
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Figure 18. - Concluded. 
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Figure 19.- Longitudinal charac te r i s t ics  of t h e  model with S, = 20'; S, = 
0 slats, p = 10 . 
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Figure 19 . - Concluded. 
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Figure 20.- Longitudinal charac te r i s t ics  of t he  model with 
slats, p = 10'. 
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Figure 20.- Continued. 
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Figure 21.- Longitudinal character is t ics  of the  model with 
slats, p = 10'. 
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Figure 21.- Concluded. 
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Figure 22.- Longitudinal character is t ics  of the model with f& = 40'; 6f = 60 it = 20°, p a r t i a l  span 
slats, p = 10'. 
(b) 2h/b = 0.52 
Figure 22.- Continued. 
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Figure 23. - Longitudinal characteristics of the model with 
slats, p = 10'. 
6, = 60'; Sf = bo, it = 20°, partial span 













Figure 23. - Continued. 
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Figure 23.- Concluded. 
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Figure 24.- Longitudinal character is t ics  of the  model with \ = 60'; 8, = 60°, it = 20°, par t i a l  span 
slats, P 3 / 4 r  - loo. 
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Figure 24. - Concluded. 
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Figure 25.- Continued. 
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Figure 26.- Pressure distribution on the fuselage lowerosurface at various 0 














r; = 7.4 
'b 
Td = 5.( 
.3 .4 .5 
x /z 
.6 .7 .8 .9 
0 I3 in.off fuselage 
0 25 in.off fuselage 
(b) Q = 20°, Sf = 60°, it = 20°, 2h/b = 0.52 






0 13 in.off fuselage 









.I .2 . 3  .4 .5 .6 .7 .a .9 
x /z 
( c )  S, = 20 0 , Sf = 60°, it = 20°, 2h/b = 0.36 





0 Fuselage % 
0 I3  in.off fuselage % 







(d) S, = 40°, sf = 60°, it = 20°, 2h/b = 0.67 
Figure 26.- Continued. 
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Figure 26. - Continued. 
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Figure 26.- Continued. 
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(g) 6, = 60°, Sf = 40 , it = 20°, 2h/b = 0.67 
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Figure 27.- Pressure d i s t r ibu t ion  on fuselage lower surface f o r  S, = 60°; 
Sf = bo, T,' = 12.0, various ground heights and fuselage angles of 
a t tack.  
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Figure 28.- Pressure d i s t r ibu t ion  on fuselage lower surface f o r  various ground heights and propel le r  
r p m l s  at 6, = 90'; Sf = oO, a = oO, and p = 10'. 
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